Thermosensitive poly(N-isopropylacrylamide) gels with highly-ordered honeycome surface and inverse opal structure were successfully fabricated by several microfabrication methods using closely packed silica beads as a template. The gels are able to reversibly change the shapes and sizes of the pores with swelling-deswelling by temperature changes. In particular, regular buckling was induced due to compression with swelling. Such a thermoregulation of surface topography might be useful for design of functional surfaces with tunable physical properties.
INTRODUCTION
Materials that change their properties and function in response to external stimuli are the focus in research fields wide-ranging over chemistry, physics, biology, medicine, etc. So far, several kinds of synthetic stimuli-responsive polymers has been reported. [1] [2] [3] [4] [5] [6] [7] [8] In particular, hydrogels are prominent examples of such materials. They can swell and deswell in an aqueous solution, exhibiting a large degree of volume changes. A variety of gels that respond to external stimuli such as pH, temperature, electric field, light, and ion strength etc. have been designed. [1] [2] [3] [4] [5] [6] and microfabrication and micropatterning of these gels have been attempted [7, 8] for potential applications to microactuators, microfluidics, drug delivery systems, tissue engineering, biosensors, etc. [1] [2] [3] [4] [5] [6] [7] [8] Recently, a number of studies have demonstrated that various physicochemical properties of biological materials originate from exquisite and highly-developed surface structure and feature in nano and micro scale. [9] [10] [11] For example, nano-and microstructures developed on the surfaces provide gecko, lotus, and cicada and butterfly with exceptional adhesive, self-cleaning, water-repelling, phononic properties. In order to mimic such natural configurations and properties, several efforts have been made to artificially create nano-and microscale periodic structures for polymeric materials through microfabrication technique such as lithography, self-assembly, etc. [12, 13] Further, if such a highly-orderd structure can be controlled by external stimuli, new development as functional materials would be expected such as intelligent surface, tunable photonic materials, etc. To cause reversible structure changes, stimuli-responsive gels would be available. In this study, we have prepared thermosensitive gels with highly-ordered porous structure by several microfabrication methods. Micropatterned gels with honeycomb surface and inverse opal structure have been successfully fabricated. In the course of swelling-deswelling process, dynamic pattern deformation with buckling have been observed due to uniaxial compression. These topographic changes of the surface in response to temperature have been investigated.
EXPERIMENTAL
The fabrication processes for micropatterned thermo-responsive gels with ordered honeycomb surface and inverse opal structure are shown schematically in Fig.1 . These processes consists of the three steps; (1) preparation of 2D or 3D colloidal crystal (CC) of nanoor microspheres from their aqueous suspension, (2) template-polymerization of gel by using the obtained CC as a template, and (3) removal of CC template by ethcing.
Preparation of colloidal crystal template
Silica microspheres with 10.0 !m diameter (SW-10, Shokubai Kasei Kogyo) was dispersed in ultrapure water. For preparation of CCs in microchannel (Fig.1A) , reservoir holes were punched either in the end of the grooves or at the corners of the groove pattern in the PDMS mold. A substrate made of polystyrene (PS), glass or PDMS was attached to the PDMS mold after O 2 -plasma treatment. Ultrasonically suspended colloidal solution was supplied into the microchannels through their reservoirs. After filling the channels completely with the suspension, the PDMS mold was tilted and sonicated so that the microspheres self-organize from the end of the microchannel. This injection procedure was repeated until the microchannels were filled with the microspheres, and then the solvent was evaporated.
For preparation of CCs in microwells (Fig.1B) , the colloidal suspension was poured over the surface of O 2 -plasma treated PDMS mold. A poly(ethylene terephthalate) (PET) substrate was pressed onto the mold surface, and then slided over the surface repeatedly, which made the microspheres settle in the the well. After ultrasonication, the solvent was evaporated.
2D CC of microspheres was prepared according to the previous report. [14] A glass microscope coverslip and silicone ring of 12 mm inner diameter were attached
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34 [2] 175-178 (2009) Fig.1 Schematic illustration of experimental procedure for fabrication of micropatterned thermosensitive gels with ordered honeycomb surface and inverse opal structure. Colloidal crystals of silica particles were prepared by three methods and used as templates for synthesizing porous gels.
together ( Fig.1C) after O 2 -plasma treatment. 5 mL of ultrapure water was added to 100 mg of the silica microsphere. After sonication of the mixture, 100 !L of the colloidal suspension was poured inside the ring and the solvent was evaporated at room temperature for 10 h. After peeling off the ring, a parafilm spacer ring with 16 mm inner-diameter was attached to the coverslip.
Photopolymerization of porous NIPAAm gels
For photopolymerization, the pre-gel solution
For fabrication of porous gel with patterned structure (Fig. 1A) , the PDMS mold was placed in a vacuum desiccator and dissolved air in the mold was evacuated by using vacuum pump for 5 min. After the mold was brought back to atmosphere, the pre-gel solution was dropped into the hole in the mold. The solution was autonomously loaded into the microchannel because the redissoluion of air into the mold reduce the air pressure in the microchannel. After loading the pre-gel solution, the mold was exposed to UV light (L8333, Hamamatsu Photonics) for 50 s from each side of the template. After peeling the PDMS mold off, the substrate was soaked in 2% aqueous hydrofluoric acid (HF) to dissolve silica microspheres. Finally the resulting porous gel was washed and equilibrated with deionized water.
For fabrication of micropillar array of porous gel (Fig.1B) , the pre-gel solution was poured into the microwells on the surface of the PDMS mold after O 2 -plasma treatment. Then the mold was covered with a substrate for avoiding enclosure of air bubbles. Then, the mold was exposed to UV light for 50s from each side of the template. After peeling the PDMS mold off, the substrate was soaked in 2% HF to dissolve silica microspheres. Finally the resulting micropillar array of porous gel was washed and equilibrated with deionized water.
For fabrication of porous gel film (Fig.1C) , the pre-gel solution was poured inside the parafilm spacer after O 2 -plasma treatment. The template was covered with a substrate for avoiding enclosure of air bubbles. Then, the template was exposed to UV light for 50 s from the each side. The template was subsequently soaked in 2% HF to dissolve both the coverslip and silica microspheres. Finally, the resulting porous gel sheet, free-standing or substrate-attached, was washed and equilibrated in deionized water.
Observation of structural changes of porous gels in response to temperature
Obtained porous gels were soaked in distilled water and observed at various temperatures by using inverted microscope (Diaphoto, Nikon) equipped with a microscope incubation system (IN-LI-NLF, Tokai Hit). The equilibrated state of the gel for each temperature was defined to be reached in 15 minutes. The porous gels equilibrated at given temperatures were also observed by using scanning electron microscope (SEM) (SM-200, Topcon). The gels were frozen in liquid nitrogen, lyophilized for 24 h and coated with Au (IB-3, Eiko Engineering) prior to observation.
RUSULTS AND DISCUSSIONS 3.1 Preparation of colloidal crystal template
Due to larger volume and heavier weight, it is difficult to prepare CC structures of microspheres with more than 10 !m diameters only by Brownian forces. However, by employing more effective shear force and faster sedimentation rate than those for nanospheres, it is able to prepare CCs of micron scale spheres. [15] As shown in Fig.1 , we used (1) micromolding in capillaries (MIMIC) [16, 17] modified by utilizing gravity-effect, (2) simple method for preparing CC templates in microwells; microtransfer molding (!TM), [17, 18] and (3) a novel method for preparing 2D close-packed monolayer of microspheres. [14] CCs were successfully fabricated in the shape of microchannel structures or microwell patterns.
In addition, by using microchannels with several heights (10-120 !m height), the number of layer of CCs was found to be controllable; SEM analysis of obtained samples show that the number of the colloidal layers can vary from mono-to thirteen layers. The silica microspheres in the top layer of CC were organized into close-packed structure: mainly hexagonal and partially square type symmetries. These results suggest that fabrication of micropatterned gels with inverse opal structures and highly-regulated honeycomb surface topographies is possible by using the CCs as a template.
Preparation of porous gel with ordered honeycomb surface and inverse opal structure
By employing MIMIC, !TM and template polymerization, we were able to obtain micropatterned and microporous thermo-responsive NIPAAm gels (Fig.2) . Fig.2A shows the top view of the lattice-shaped porous gel on PS substrate prepared by MIMIC using lattice-shaped PDMS microchannel with line width of 118 !m and line spacing of 173 !m. The prepared gel keeps almost the same dimensions and shapes of the microchannels in the PDMS mold.
Further we attempted to fabricate multi-layer structure of the porous gel by employing Whitesides's [19] method; they fabricated a free-standing microstructure consisting of two polymeric layers interconnecting each other by cross-linking precursor solution between two PDMS molds. Fig.2B shows the SEM image of the obtained free-standing porous gel which is interconnected by two layers. The surface topography of the free-standing porous gel shows highly regulated honeycomb surface (Fig.2C ). This gel retains the three-dimensional stacking structure as well as highly ordered surface topography of CC template. The smaller inner pores with nearly regular spacing are observed inside (Fig.2D) where silica beads were in closest proximity to one another. Some of these pores are missing or very small, likely due to the result of defects or silica beads that were not in perfect contact.
Topographical deformation of gels
Thermosensitive nanoporous NIPAAm gels with inverse opal structures have been made mainly for chromic materials to show rapid response to stimuli. [20] Temperature change induces the structural color change of the gel, which suggests that the internal structure is kept in spite of swelling-deswelling changes. To verify the surface topographical change, swelling and deswelling states of the microporous NIPAAm gel posts was observed by using SEM as well as optical microscope. Fig. 3 shows SEM micrographs of micro-arrays of the porous NIPAAm gels fixed on substrates. Prior to SEM observation, these substrates were soaked in distilled water at either above or below the volume phase transition temperature of NIPAAm gel (ca. 32 °C), then quickly frozen by soaking them into liquid nitrogen and vacuum-dried. From observation of the gel posts in water by optical microscope, it was shown that the diameters of the gel posts at 27 °C were 1.6 times larger than those at 37 °C (data not shown). From the SEM observation, the freeze-dried gel posts at 27 °C (Fig.3C) show slightly larger diameters as compared with those directly observed by optical microscope in water. However, the freeze-dried gel posts at 37 °C show various diameters (Fig.3A) that are larger than the diameter observed by optical microscope. By adopting the smallest diameters (indicated by white circle), the ratio of diameters between 27 and 37 °C becomes almost the same as that resulted from optical microscope observation.
Figs. 3B and 3D show the magnified views of gel posts at a tilted angle. Both the gel posts have deformed; outer edges of the top part have swollen form. Because of poor thermal conductivity of water, temperature gradient is formed in the perpendicular direction to substrate. As a result, freezing of water starts from the surface of the substrate, which may allow to swell the outer edge at the top part of the gel post. At 37 °C, it takes longer time to freeze water, allowing some of the gel posts to reswell enough until they are frozen. The surfaces of the gel posts show deformed honeycomb structures at each temperature (inset in Figs. 3B and 3D) . The round-pores were deformed into elongated forms and the ratio for pore sizes between the temperatures (ca. 2.0) is larger than that for the diameter of gel post. Fig. 4 shows the surface of the gel posts which have swollen largely in the freezing process regardless of treated at 37 °C. In the center part, organized buckling structure (Fig.4A) or complete crushed structure (Fig.4B) were observed. Since the swelling starts from the top outer edge of the gel post and the center region of the posts should keep its original shrunken structure at 37 °C, it is suggested that buckling of pores occur in the deswelling process of gel posts.
To evaluate the buckling behavior of honeycomb structure, the gel film with single layered pores on the surface was prepared and the structural changes were observed by optical microscope. Fig.5 shows the relative ratio of the pore size normalized by the value at 37 °C (d/d 37 °C ) for the free-standing gel film and the gel film fixed on the substrate. Pore diameter was defined as the average value of minor and major axes of the ellipse. For the free-standing gel film, the pore size increases with swelling as temperature decreases, but the pores kept the original round shape through the temperature change.
On the other hand, the gel film fixed on substrate reasonably exhibits almost constant pore size with temperature changes. Instead, regularly buckled patterns are formed spontaneously below 30 °C: two different pore configurations alternate in vertical direction, while identical pore configurations appear repeatedly in horizontal direction. Such a buckling mode have been studied [21] and found to appear in hexagonal honeycombs with circular cells. [22] According to these works, the buckling pattern generates in periodic cellular solids under uniaxial compression. So the generation of the regular buckling on the surface of honeycomb gel is attributed to the limitation of swelling of the gel due to fixing on the substrate. And these transformations of surface topography are reversible both for free-standing and fixed gels. In these ways, variety of topographic changes of pores can be possible by fixing or not fixing the gel on the substrate. Such a thermoregulation of surface topography might be useful for design of functional surfaces with tunable physical properties.
CONCLUSIONS
Micropatterned thermosensitive NIPAAm gels with highly-ordered honeycome surface and inverse opal structure were successfully fabricated by several methods using closely packed slica beads as a template. The gels are able to reversibly change the shapes and sizes of the pores with swelling and deswelling by temperature. In particular, regular buckling was induced due to compression with swelling. The regularity of the ordered structure is tunable. Fig. 5 Temperature dependence of pore size and sheet size for the free-standing gel film and the gel film fixed on substrate.
